. These reports do not show any one tracer emerging as the criterion on which soil ingestion estimates should be based. The lack of a clear consensus on tracer choice has led to uncertainty in soil ingestion estimates. We have offered some biologically and statistically based guidance on tracer selection (1, 9) . Basically, we proposed and developed a detection-limit model as a means of estimating the relative precision of soil ingestion estimates from a given tracer. This simple linear model relates the log mean-square error, in percent recovery, to the log of the food/soil ratio. The model is intuitive; larger values of food ingestion of an element, relative to the corresponding amount of the element ingested from a given quantity of soil, lead to more highly variable soil ingestion estimates. Although there are some limitations to this model (10, 11) , the approach presents a way to select trace elements. Using this model, we have concluded that zirconium, aluminum, and titanium are elements with optimal properties for estimating soil ingestion (6) .
Study designs for most soil ingestion studies reported in the literature have included collection of fecal output and food intake daily from subjects from 3 to 7 days. Soil-ingestion estimates have been based on a mass balance equation, subtracting (when available) tracer amounts in food intake from amounts in comparable fecal output and then dividing by the tracer concentration in soil. Although food intake and fecal output have been collected daily in most studies, only the Amherst study (6) assessed the amount of the trace element in food and fecal samples on a daily basis. Other studies pooled the food samples and the fecal samples before chemical analysis (7) . The daily assessment of tracers in food and feces has made it possible to estimate daily variability in tracer ingestion (12) , but it has not been used before to form soil ingestion estimates.
In this paper, we present a methodology to construct daily soil ingestion estimates using daily food and fecal trace-element concentrations. The methodology directly links the physical passage of food and fecal samples and thus has the potential for eliminating variability in soil ingestion estimates based on transit time differences and irregular fecal samples. Using this methodology, we reanalyzed the data on soil ingestion for the Amherst study. The result of these analyses is a single soil ingestion distribution that effectively eliminates the issue of tracer selection in determining a soil ingestion estimate. Using these estimates and making the assumption that soil ingestion is log-normally distributed for a given subject over days of the year, we estimated soil ingestion for children from the Amherst study over an entire year.
Materials and Methods
Amherst Study and Construction of Average Daily Soil Ingestion Our methods are specific for soil ingestion studies with daily determinations of trace elements in food intake and fecal output (6) . In brief, a total of 64 children between the ages of 1 and 4 years were enrolled for 2 weeks. Each week, duplicate food samples were collected for 3 consecutive days, and fecal samples were collected for 4 consecutive days for each subject. The total amount of each of eight trace elements (aluminum, barium, manganese, silicon, titanium, vanadium, yttrium, and zirconium) was recorded for food and fecal samples collected. Day 1 for the food sample corresponded to the 24-hr period from midnight on Sunday to midnight on Monday of a study week. Day 1 of the fecal sample corresponded to the 24-hr period from noon on Monday to noon on Tuesday. Soil and dust concentrations of the trace elements were also reported. Results provided soil ingestion estimates based on trace-element concentrations in soil, trace-element concentrations in dust, and weighted averages of these concentrations (6) . In this paper, we assume that all soil ingestion occurred from outdoor soil, and hence we base all soil ingestion estimates on trace element concentrations in soil. We made this assumption for simplicity and because of uncertainty regarding the relative portion of ingested soil from outdoor soil versus indoor dust (13, 14) .
To construct soil ingestion estimates for a trace element, we subtracted the amount of the trace element in food from that in fecal output and divided by the concentration of the element in soil. We express the amount of a trace element in food and in fecal output as a "soil equivalent," which is defined as the amount of the element in food (or fecal output) divided by the concentration of the element in soil. Using these definitions, subtracting the average food soil equivalent from the average fecal soil equivalent results in an estimate of soil ingestion for a trace element.
Previous element-specific estimates of soil ingestion have been estimated by subtracting an average daily food soil equivalent from an average daily soil equivalent fecal output (6, 7) . When we constructed these estimates for the Amherst study, averages were formed by dividing fecal output by 4 and dividing food intake by 3, * *1 regardless of the amount of fecal output or food intake reported on a given day. Among the 128 subject-weeks reported, 4 days of fecal output were reported for only 50 subject-weeks, 40 subject-weeks reported fecal output on 3 days, 33 subject-weeks reported fecal output on 2 days, and 5 subject-weeks had fecal output reported only on 1 day during the 4-day fecal collection protocol period. The lack of fecal output on a given day was attributed to day-to-day variability and not to missed fecal samples (6) . For this reason, the estimate of average fecal output was calculated by dividing all subject-weeks by 4. This method of determining average daily estimates for food and fecal samples for a given week has some obvious shortcomings. For example, for 2 subject-weeks with a single day of fecal output, the fecal output occurred on the first day in the week. The food ingestion estimates on days 2 and 3 for these subject-weeks are of questionable relevance to the estimate of soil ingestion for the subject-week because they occurred after the fecal output. For 3 subject-weeks, fecal output samples were collected for the first 2 days in the study, but not for the last 2 days. Should the day-3 food intake (most of which occurred after the fecal output) be included in estimating the average daily food intake? Issues such as these motivate a more detailed evaluation of the method of calculating soil ingestion.
Construction of Daily Soil Ingestion Estimates for an Element
We propose a methodology to estimate soil ingestion on a daily basis that is directly connected to the passage of food to feces. The definition of daily soil ingestion depends on the assumed lag time between food intake and fecal output. This lag time varies from subject to subject, and it may vary with age or other subject characteristics. The lag time may also vary within a subject from week to week, or even from day to day. To illustrate the effect of lag time on soil ingestion estimation, let us define xi = as the soil equivalent ingestion from food for element j for the 24 hr period from midnight to midnight on day i, and Yi as the soil equivalent ingestion from fecal samples for element j for the 24-hr period from noon on day i to noon on day i + 1, where i = 1, . . ., 4 represents the 4 days of a subject-week, and j = 1, . . ., 8 represents the eight trace elements included in the Amherst study. For This estimate is equal to the soil equivalent of element j in the feces on day i, minus the soil equivalent of element j in food, where the food estimate is based on a 1:2 weighting of food in the two consecutive 24-hr periods ending at noon on dayj.
If the lag times are known (or estimated) for each subject, estimates of daily soil ingestion estimates can be directly determined. If lag times are not available, daily soil ingestion can be estimated by making some assumptions about the lag times. We assume that for each subject, the lag time is constant for all days in a given week, and we assume that the lag period is uniform for all subjects and weeks, and equal to a 28-hr lag. These assumptions are consistent with the observation of a 1-to 4-day passage time for food among children (6) . While the methodology has limitations (which we discuss later), it comes much closer to a biological representation of soil ingestion.
Two modifications are necessary to use this daily soil ingestion method. The first modification addresses the need to estimate food intake for days when duplicate food samples were not collected. The second modification addresses the way soil ingestion is estimated on days when no fecal output occurred.
Estimation offood intake. Fecal samples were collected in the Amherst soil ingestion study for 4 days (from noon Monday through noon Friday). Assuming a 28-hr food transit time, food samples would be required on Sunday through Thursday to estimate soil ingestion directly for each of the fecal output collection days. Unfortunately, the study protocol for food ingestion specified duplicate food samples only on Monday through Wednesday. Modification of the daily soil ingestion formula is necessary for days 1 Estimation offecal output. A second modification is necessary for days when no fecal output was reported. True soil ingestion on a given day cannot be less than zero, and, ideally, the estimates of daily soil ingestion will be greater than or equal to zero for all days. Although actual soil ingestion cannot be negative, estimates of daily soil ingestion can be negative when the food intake exceeds the fecal output for a designated day. This can occur when the subject does not follow the assumed 28-hr time lag linking food tracer intake to fecal tracer output (e.g., if the fecal tracer output for the day corresponds to a different time window from the 24-hr period 28 hr before the start of the fecal day). Such a difference can result in a negative or positive bias in the soil ingestion estimate.
A single estimate of tracer ingestion of food was made each day, although meals for each day were not identical. This is a limitation of the soil ingestion study protocol, which sometimes results in negative or positive daily soil ingestion. If the portion of a day attributed to a fecal sample period has trace element ingestion from food lower than the daily tracer average for food, the soil ingestion estimate for the tracer will be negatively biased. A positive bias will result if the portion of the average tracer amount in food attributed to a fecal sample period is less than the actual tracer amount in food for the corresponding period.
Generally, it is inappropriate to reset negative soil ingestion estimates to zero when they occur, even though such negative soil ingestion is not physically possible. If we assume a subject consumes no soil, small positive and negative estimates of soil ingestion are likely to occur due to the imperfect linking of food tracer input and fecal tracer output samples resulting from the assumed 28-hr transit time period. On average, these estimates of soil ingestion will balance to zero. If negative soil ingestion estimates are reset to zero, a bias will be introduced in the final soil ingestion estimate because only the positive estimates will be counted. For this reason, negative soil ingestion estimates are not generally excluded nor reset to zero for a subject on a given day.
There is one situation, however, in which it is appropriate to alter negative soil ingestion estimates. Values of Ai for various estimates of median soil ingestion are given in Table 1 . The difference between the ultimate median soil ingestion estimates for the subjectweek-day, and soil ingestion estimates for elements judged to be outliers is termed source error (15) , because it is thought to represent some other source of trace-element ingestion apart from food or soil.
Soil Ingestion Estimates for a Subject
Using the described methodology, daily soil ingestion estimates were calculated for each subject for up to 4 days for 2 weeks. The number of elements included in the final evaluation of the median soil ingestion varied for different subjects, weeks, and days. The number of days with soil ingestion estimates also varied for a subject. We consider the detailed construction of these estimates because these details relate to the validity and interpretation of the soil ingestion estimate. We describe several ways in which soil ingestion estimates can be calculated, to relate the resulting estimates to the previous literature, to make clear the limitations in previ- Environmental Health Perspectives
. including error due to transit time and laboratory and preparation errors. We will assume that the days i correspond to days in a year. In this manner, a set of values pi for i = 1, . .., 365 will define the soil ingestion for subject s in the year. We define the subject's birthdate as the first day in the year for that subject. This definition is arbitrary, but it allows a simple description of age-specific soil ingestion. With these assumptions, subject s will have a different soil ingestion for each year of age.
For a given subject of a given age, we may summarize the set of daily soil ingestion in different ways. One parameter of interest is the total amount of soil consumed by the subject over the year (we use "year" to represent the set of days of a given age for the subject Using the results shown in Table 2 , we determined the median and mean daily soil ingestion estimate for subject 849; for the 6-day period for this subject the median soil ingestion estimate is 50.5 mg/day, with a mean of given 71.3 mg/day. Soil ingestion estimates for an element can also be constructed using the results in Table 2 . Such estimates are inferior to estimates based on the median soil ingestion for the day because element-specific estimates are based on fewer days and are more likely to reflect positive or negative error. Element-specific estimates are similar, however, to previous estimates reported in the literature. When the previous day's fecal output is zero, the average daily estimate for an element is replaced by the estimate for the element when a fecal sample was reported ( Table 2) . The median element-specific estimates ranged from 10 to 82 mg/day, and the mean ranged from 24 to 148 mg/day. Note that all of the element-specific estimates of soil ingestion refer to a different set of subject days. If these days are considered a simple random sample of days for the subject, then the element-specific estimates can be considered estimates of a common parameter corresponding to median (average) daily soil ingestion for the subject.
Soil ingestion estimates can also be determined for each element for the week. When forming the weekly estimates, if all 4 days of soil ingestion are available, the weekly estimate of average daily soil ingestion is given by the simple average of the daily estimates. Note that even with complete data, this average may differ from the median daily soil ingestion estimate because soil ingestion estimates are skewed. Although weekly soil ingestion estimates have been presented in previous publications (6, 7) , there appears to be no conceptual advantage to forming such estimates over the median and mean estimates.
Results

Estimation of Daily Soil Ingestion
The results for the 64 children included in the Amherst study (6) are based on daily estimates of soil ingestion. Although all 64 subjects participated in the study for a total of 8 days, it was not possible to estimate soil ingestion for all 8 days for each subject due to missing fecal samples. Table 3 shows the distribution of the number of days of soil ingestion estimates for the subjects overall and by tracer elements after eliminating estimates based on the oudier criteria given in Table 1 . Daily soil ingestion estimates (based on the median of the daily soil ingestion estimates) were present for at least 4 days for all subjects and were present for 6 or more days for 94% of the subjects. For aluminum, soil ingestion estimates were available for all subjects on at least 2 days. No other trace element satisfied inclusion criteria for soil ingestion estimation for all subjects for at least 1 day. However, silicon, zirconium, and yttrium satisfied the inclusion criteria on at least 1 day for 63, 62, and 61 subjects, respectively. For barium and manganese, a large proportion of subjects (48% and 70%, respectively) had no days with "valid" soil ingestion estimates (that did not exceed the outlier criteria).
The last two parameters are likely to reflect different characteristics of soil ingestion for the subject. We used estimates of these parameters to summarize results for the Amherst soil ingestion study.
Example ofsoil ingestion estimate construction for a subject. For each of the 64 subjects in the Amherst soil ingestion study, soil ingestion estimates can be dassified in an 8 x 8 array of elements and study days. An example of such an array is presented in Table 2 for subject 849 and illustrates the methodology for soil ingestion estimation. For subject 849, no fecal samples were reported on days 1 or 4 during the first week or on day 4 during the second week. In the first week, fecal output on day 2 was used to estimate an average CGiven by the median of the soil ingestion estimates for a given day.
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.em- Si  Ti  V  Y  Zr  0  0  0  31  45  1  8  12  3  2  1  0  0  8  8  2  4  9  1  0  2  0  6  13  6  3  9  7  2  3  3  0  7  6  5  6  6  8  12  10  4  1  8  4  0  7  12  8  13  8  5  3  13  2  0  18  1 1  8  7  13  6  21  17  0  0  12  9  6  12  17  7  18  7  0  0  8  1  4  11  7  8  21  6  0  0  7  4  2  3  4 " Table entries are the number of subjects with the given number of days of soil ingestion. For example, under the "overall" column, the value of 21 at the bottom of the column means that 21 subjects had 8 days on which soil ingestion estimates were provided. Figure 1 (using a logl0 scale for soil ingestion) and Figure 2 from food. Trace element-specific estimates based on days where the trace element estimate satisfied the daily inclusion criteria are provided in Tables 4 and 5 for comparison with previous published estimates, but are not recommended for use. As previously mentioned, estimates of soil ingestion for all 8 days were not made for all subjects (see Table 3 ). Furthermore, on a given day when a soil ingestion estimate was made for a subject, the estimate was not necessarily based on all eight trace elements because element estimates that exceeded the outlier criteria were excluded. The number of days with soil ingestion estimates depended on the pattern of daily fecal samples and ranged from 4 to 8. The number of elements used in forming a daily estimate depended on how many estimates fell within the RSD window (A); this number also varied from one to eight. When a large number of element-specific estimates satisfied inclusionary criteria for each day and calculation of estimates for a large number of days was possible, we expected the soil ingestion estimate to be more reliable. In contrast, less reliable estimates of soil ingestion were expected for a subject when few elements and few days contributed to the estimate.
We used this reasoning to evaluate the sensitivity of the soil ingestion estimates to the number of daily estimates for a subject and the number of element estimates for a day. First, we recalculated soil ingestion estimates only if a minimum number of element-specific estimates were within the RSD window. Next, we considered soil ingestion estimates only for subjects with a minimum number of days of soil ingestion estimates. Table 6 summarizes soil ingestion estimates when daily estimates are calculated only for days with a minimum number of trace element estimates. The number of days and subjects represented in these estimates varies by row due to application of the criteria for identifying outlier ingestion estimates. Table 6 *~~~f 9 ingestion when no element-specific estidays at the end of study weeks for some ject (Table 6 ) decreases when more than mates were excluded via the outlier criteria. subjects, soil ingestion estimates were calthree element-specific estimates are Table 6 also summarizes characteristics of culated for only 86% (439) of the possible required. the subjects described by the medium and subject-days in the study protocol (8 days A summary of the distribution of medimean soil ingestion estimates. The minix 64 subjects = 512 or 100%). The proan daily, soil ingestion estimates and mean mum number of element-specific soil portion of days with soil ingestion estidaily soil ingestion estimates for subjects, ingestion estimates included in a daily soil mates decreases as the criteria for inclusion based on the different criteria for number ingestion estimate varies from 1 to 8. All are made more stringent. The decrease is of element-specific estimates per day, is 64 subjects have at least 1 day with 3 or modest when criteria require three or more also presented in Table 6 . Values in this more eligible element-specific estimates. eligible element-specific estimates. When table are comparable only when the numWhen the criteria for number of element four or more element-specific estimates are ber of subjects is the same. As a result, estimates per day is larger than 4 and the required, the number of days with soil comparison of 1, 2, 3, and 8 trace elements outlier criteria are used, the number of ingestion estimates decreases markedly.
per day (based on 64 subjects) provides a subjects with soil ingestion estimates
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estimates, and the distribution of mean ..... Tables 4 and 5 were used to develop a distribution of values for 365 days for each subject using an assumed lognormal distribution. Between 4 and 8 daily soil ingestion estimates were available on each of the 64 subjects. By assuming that soil ingestion is log-normally distributed for a given subject, we estimated the parameters for the log-normal distribution based on the subjects' daily estimates (replacing negative daily soil ingestion estimates by an estimate of 1 mg/day). Order statistics, corresponding to z-scores for percentiles in increments of 1/365, were then used in connection with the log-normal distribution and estimated parameters to form soil ingestion estimates for 365 days for each subject. Characteristics of these annual soil ingestion distributions are summarized in Tables 8 and 9 . Of particular note is that the estimated median of the 64 subjects' daily soil ingestion as averaged over 365 days is 75 mg/day, while the upper 95% is 1751 mg/day. The findings also indicate that more than 10% of the subjects ingest on the average approximately 1.2 g/day. Table 9 indicates that 33% of the children will ingest >10 g of soil on 1-2 days per year, and 16% of children are expected to ingest >1 g of soil on 35-40 days per year. Figure 3 (using a log10 scale for soil ingestion) and Figure 4 (using an arithmetic scale for soil ingestion) summarize the cumulative distribution of daily soil ingestion estimates for the 64 subjects, including estimates of the median daily soil ingestion per child (M) and the average daily soil ingestion per child (A). In contrast to Figures 1 and 2 , the estimates plotted in Figures 3 and 4 are based on predicted soil ingestion over an entire year (365 days), assuming a log-normal soil ingestion distribution. The results clearly demonstrate a marked increase in the cumulative distribution for soil ingestion using subject averages. This result can be expected based on the skewness of the assumed log-normal soil ingestion distribution.
Discussion
Daily Soil Ingestion Ingestion Framework
The results presented here represent the first estimates of daily soil ingestion based on a mass-balance study that have appeared in the literature. Previous reports have estimated average daily soil ingestion where the average was taken over 3, 4, or 8 days for a given subject (6, 7) . Since soil ingestion estimates are likely to be positively skewed for a subject, the distribution of average daily soil ingestion estimates (with averages taken over a specified period of time) will be larger than the distribution of daily soil ingestion estimates reported here. This effect is observable in the difference between the soil ingestion distributions summarized in Tables 4 and 5 . Overall soil ingestion estimates presented in Tables 4 and 5 are not trace-element specific. Furthermore, these soil ingestion estimates are robust to sample loss and source errors affecting individual trace element estimates, and they account for positive/negative error (15) . The daily soil ingestion methodology directly links physical passage of food and fecal samples and thus has the potential for eliminating variability in soil ingestion estimates based on transit time differences and irregular fecal samples. For these reasons, we consider the daily soil ingestion methodology to be superior to other strategies for understanding and quantifying soil ingestion.
Previous studies have considered element-specific soil ingestion estimates. A summary of the distribution of these estimates relative to the daily estimates presented in Table 5 is given in Table 10 . In the absence of biases or positive/negative errors, the estimates based on the two methods should be the same. Differences in the estimates reflect differences due to 
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0~. sources, as well as different numbers of subjects contributing to the estimates based on the daily method. It is noteworthy that daily estimates were possible for all subjects for aluminum and for all but one subject for silicon. The distribution of the daily estimates and the distribution of the original estimates are quite similar, indicating little error due to these possible sources. This suggests that if element-specific estimates were used, aluminum and silicon should be selected. This is not to say that the estimates based on either of these elements is preferable to the overall estimate based on all elements. Individual trace-element estimates are more subject to input, output, and source errors (15) , all of which are addressed and potentially minimized using the daily methodology.
Although the daily soil ingestion estimates offer a substantial improvement over element-specific estimates, these estimates depend on several assumptions. Perhaps the most suspect assumption is that children's fecal samples can be grouped on a   O   200  400  600  800  1000  1200  1400 daily basis and directly linked to a 24-hr food sample for the period 28 hr before the fecal sample collection. We assume that this lag period is constant for all subjects and for all days, but the impact of this assumption on soil ingestion estimates has not been evaluated. It is possible that use of a constant 28-hr lag time coupled with irregular daily fecal output may positively bias soil ingestion estimates on the first day of a soil ingestion study due to several days ingestion contributing to the first day fecal sample. Using available data and additional assumptions, such as a constant fecal mass/ food freeze-dry rate ratio, it may be possible to estimate lag times for individual subject-weeks. Other strategies may be possible to tailor lag times to individual subjectdays. Sensitivity analyses of the 28-hr lag assumption should also be conducted. An additional assumption used in this paper is the outlier criteria used to eliminate unusual element-specific estimates for individual subject days. Such a criteria was used due to the strong likelihood that 1600 1800 2000
Soil Ingestion (mg/day) Figure 4 . Cumulative distribution of soil ingestion estimates (median and mean) for 64 children (using a natural scale for soil ingestion) based on soil ingestion estimated over 365 days based on a log-normal distribution (subject exhibiting pica not displayed). ingestion of some tracers from sources other than food or soil occurred (16) . This criteria helped to focus attention on discrepancies between individual trace-estimates of soil ingestion (Table 3) . While helpful in this respect, the use of the outlier identification assumptions are not critical to the main soil ingestion results of the paper, as evident in comparing the overall results in Tables 4 and 5 with results in Table 6 (where no outliers were excluded). A final limitation of the methodology and results is that, for each subject and day, a single estimate has been used for soil ingestion, even though multiple estimates were available from different trace elements. The multiple estimates allow both a point estimate and an estimate of the variance to be made on a subject-day basis. We have presented the point-estimate, but we did not assess the variance in these point estimates on a subject-day basis. Since accounting for this variance is likely to alter the estimated predicted distribution of soil ingestion, further analysis in this area is warranted.
Interpretation and Application of the Distribution Analysis
The analysis of the annual soil ingestion distributions represents a striking divergence from past soil ingestion estimates generated from the same data (6). Although we believe the basic assumptions underlying the estimation methodology are reasonable, the resulting estimates may be sensitive to a number of decisions dictated by limits in available data. The first such decision is the use of the log-normal distribution to estimate daily soil ingestion over a calendar year. Although the log-normal distribution is plausible, there is little empirical evidence to support its use (since only 4-8 days of soil ingestion estimates are available per subject). Annual estimates of total soil ingestion will be strongly affected by the tails of the soil ingestion distribution, which are uncertain. While log-normal modeling has been commonly used in exposure quantification practices (17) , assumptions of alternative rightskewed distributions may produce large differences in total soil ingestion estimates. Data currently available are not adequate to resolve this issue.
Extrapolation of soil ingestion over a year is based on estimated parameters for the log-normal distribution. Assuming unbiased daily soil ingestion estimates, estimates of the mean and variance of the lognormal distribution have large variance because only four to eight measures are available for a subject. Variability in the variance estimates will generate large variability in annual soil ingestion estimates. This variability has not been assessed. A further factor may serve to positively bias variance estimates for the log distribution. The methodology for estimating daily soil ingestion assumed a constant transit time of 28 hr. Variation in this transit time from day to day may result in inducing variability in daily soil ingestion estimates (falsely) and hence lead to higher variance estimates for the daily soil ingestion distributions. Such an error would act as a positive bias on annual soil ingestion estimates. At present, there is no information on the extent of transit-time error. However, if transit time error is large, we can expect fewer tracer-specific estimates of soil ingestion to satisfy the outlier criteria because tracers with more variable food intake result in highly variable soil ingestion estimates. The extent to which the soil ingestion distribution is stable when varying the number of required element estimates for a day is an indirect measure of potential bias due to transit-time error. The results of such an analysis (Table 7) suggest that the soil ingestion distribution is relatively stable and that a bias due to transit-time variability may not be severe.
A third limitation of the estimates is the short duration (2 weeks) in which soil ingestion estimates were made. Such a limited period of observation represents in a sense a cross-sectional study of soil ingestion. There are no data to support the assumption that variability in this 2-week time period reflects variability over a year. Furthermore, there are currently no available estimates of seasonal effects on soil ingestion. Such seasonal effects are likely, considering the reduced potential for soil exposure in winter months in northern states and Canada. Our estimates are based on an assumption of 365 possible soil ingestion days in a year, with soil ingestion similar on those days to that observed in 2 weeks in September and October.
Finally, the results are limited by the study protocol for the study (6, 18) . The children studied were a nonrandom sample residing in and adjacent to an academic community in western Massachusetts. Whether the soil ingestion behavior of these children is quantitatively relevant to population groups in other geographical regions (e.g., the inner city, rural areas) is unknown.
Despite these limitations, we consider our results to be extremely important for assessing exposure via soil ingestion. The results are based on a biologically refined model that fits physical soil ingestion kinetics. Variability due to the principal types of positive and negative error is likely reduced. Tracer-specific discrepancies are minimized. Daily soil ingestion estimates are calculated based on a physical mass-balance equation. Each of these aspects leads to fundamentally improved individual and population-based soil ingestion estimates. The results provide a foundation for a more realistic appraisal of soil ingestion.
Our results suggest that soil pica in the general population needs to be reassessed.
The current assessment indicates that soil pica is not merely truncated in a small subgroup, but that most children will periodically display this behavior to varying degrees of potential public health concern throughout the year. In addition, soil ingestion behavior may be an important factor in the characterization of acute and chronic effects.
An important question that needs to be addressed is how do the present analyses relate to current recommendations for soil ingestion exposure factors? Current practice has followed the guidance offered by the U.S. Environmental Protection Agency (EPA) and has been principally concerned with assessing public health risks from exposure to toxic substances at contaminated sites. EPA-recommended soil ingestion rates for children are 200 mg/day, a value generally viewed as approximating the upper 95% of the distribution for children. This value evolved from the initial findings of Binder et al. (4) and has been generally supported in subsequent childhood soil ingestion studies in the United States (6, 7) . In recent years, there has been a tendency to advocate the use of the Amherst study findings (19) in light of their improved attempts to identify the most reliable tracers based on estimated precision of recovery and soil ingestion detection levels of individual tracers (1, 9) . In a striking departure from the recommendations of EPA, the present findings show that the upper 95% of the distribution for a yearly estimate is 1750 mg/day, a value nearly nine-fold higher than EPA guidelines. Furthermore, it is possible that these estimates are approximately 5-10% low due to missing daily fecal samples as a result of incomplete subject compliance and a decision not to collect fecal material adhering to diaper wipes or toilet paper. Because soil ingestion is often a driving factor in the risk assessment process for contaminated sites, the implications of the current findings are likely to be substantial in terms of both estimated human health risks and in site-remediation costs. Finally, it is important to recognize that the capacity to design, conduct, assess, and interpret soil ingestion studies has markedly improved since the first quantitative attempt (4) . Since that time, methodological developments have given researchers the capacity to derive study-specific soil ingestion detection limits (1, 9) , differentiate soil from dust ingestion (13) , identify, quantify, and correct for error (15) , and apply these A ----e a 9. a approaches to the level of subject-day so that distributions of soil ingestion can be derived for each subject, as in the present paper. These developments now permit a more sophisticated approach to the estimation of soil ingestion estimates than was available several years ago. In addition, the application of such methods will result in the derivation of more defensible estimates of soil ingestion.
